We present a process for sculpting Bi 2 Se 3 nanoflakes into application-relevant geometries using a high resolution transmission electron microscope. This process takes several minutes to sculpt small areas and can be used to cut the Bi 2 Se 3 into wires and rings, to thin areas of the Bi 2 Se 3 , and to drill circular holes and lines. We determined that this method allows for sub 10-nm features and results in clean edges along the drilled regions. Using in-situ high-resolution imaging, selected area diffraction, and atomic force microscopy, we found that this lithography process preserves the crystal structure of Bi 2 Se 3 . TEM sculpting is more precise and potentially results in cleaner edges than does ionbeam modification; therefore, the promise of this method for thermoelectric and topological devices calls for further study into the transport properties of such structures.
Introduction
The material bismuth selenide (Bi 2 Se 3 ) has been well-studied for both its excellent thermoelectric properties 1 and for its topologicallyprotected conductive surface states.
2 These states are most relevant when the ratio of surface conduction to bulk conduction is high. This occurs with large surface-to-volume ratio, so nanostructures of Bi 2 Se 3 are of particular interest. 1 In addition, theoretical proposals have suggested that specific nanostructure geometries may be able to enhance the material properties of Bi 2 Se 3 in useful ways. For example, patterning an antidot lattice into Bi 2 Se 3 may greatly improve its thermoelectric figure of merit, 3, 4 and pairing Bi 2 Se 3 wires and rings with a superconductor may allow for the existence and control of Majorana fermions and other topological phenomena. 5 Tuning the thickness of nanostructures may also permit control over transport phenomena. 6, 7 Implementing these ideas is challenging, however, because most growth methods yield nanostructures in a great variety of sizes and shapes during the same process. This limits the ability to build devices to exact specifications and furthermore limits future scalability of geometrydependent devices. One way to surmount these issues is to instead employ top-down fabrication methods and etch nanostructures into the precise shapes and sizes demanded by theory. Many such etching processes exist, and one method that allows for sub-10 nm fea-ture sizes is transmission electron microscope (TEM) nanosculpting. 8, 9 TEM nanosculpting is a milling/dry etching method similar to focused ion beam (FIB) milling, but instead of using ions to ablate the material, it employs the high-energy electrons from a TEM beam. This process has been tested in several other materials and has been shown to allow control at the nanometer scale with minimal damage to the material structure. In this paper we show results from the TEM sculpting of Bi 2 Se 3 nanoflakes. By focusing the electron beam of the TEM on specific regions, Bi and Se were ablated from nanostructures, which allowed us to define a T-junction, a ring, a wire, a constriction, and an antidot array. Additionally, scanning the beam repeatedly over an area, we created a thinned region. We demonstrate that this process can be used to design sub-100 nm features in Bi 2 Se 3 while leaving the nearby crystal structure largely intact. Figure 1 documents the process of TEM sculpting a Bi 2 Se 3 nanoflake using the "spot drilling" method.
Results and discussion
* In this technique, the scanning probe focuses on single, user-defined regions of the sample for localized ablation. The dark-field STEM images of Fig. 1(a)-(d) show the flake at various stages of the drilling process. The end result, shown in Fig. 1(e) , is a T-junction of approximate length 80 nm, width 20 nm, and junction thickness 30 nm. Figs. 1(f) and 1(g) show selected-area diffraction and darkfield imaging of the flake before modification. The contrast-inverted dark-field image in Fig.  1 (g) was taken using the circled diffraction * This flake was sculpted in the "face-down" configuration. Sample orientations in the TEM and sculpting techniques are detailed in the "Methods" section spot. Similarly, Figs. 1(h) and 1(i) present the selected area diffraction and inverted darkfield image of the flake after sculpting the Tjunction. In Figs. 1(f) and 1(h) , the flake is aligned along the [001] zone axis, and the measured lattice spacings of the {110} planes are 0.204 nm and 0.206 nm, respectively. These values agree with the known lattice spacing of 0.21 nm for {110} planes of Bi 2 Se 3 .
13 Additionally, splitting appeared in the lower three spots of the pattern in 1(h), which may indicate the lattice planes shifted across a dislocation. However, the darker band stretching from the Tjunction into the body of the flake, shown in Fig. 1(i) , indicates continuity along the selected lattice vector. Supplementary Figure S1 provides a second example of drilling a T-junction with images taken at 6-minute intervals during the drilling process as well as SAED patterns of this T-junction.
In addition to the T-junction, we sculpted structures including a long wire, a short wire, an annulus, a constriction, and a small antidot array using the same "spot drilling" process. Figure S3 highlights in green the regions subject to irradiation with the probe. The FFTs shown in Fig.  3 suggest preservation of the intra-layer hexagonal crystal structure after sculpting. In general, the six-fold rotation symmetry survives, and measured lattice plane spacings are consistent with the {110} planes of bismuth selenide. In Fig. 3 (c) and Fig. 3 (e) the intensities of bismuth selenide spots in the FFT images varies, and in Fig. 3 (d) a new pair of spots appeared corresponding to a lattice spacing of 0.360 nm, which, similar to previous work with focusedion-beam sculpting of Bi 2 Se 3 , could correspond to a bismuth oxide or bismuth metal.
14 The formation of this phase is less prevalent than in the FIB sculpting, however. Enlarged copies of Figs. 3(b), 3(c), and 3(e) are presented in Supplementary Figure S4 .
Generally, the edges of the sculpted regions appear free of redeposited or recrystallized material, and lattice planes can be observed at the edges as well as within the structures. This implies that face-down TEM sculpting is potentially "cleaner" and more precise than ionbeam modification.
14 FFTs of selected areas from the ring structure and antidot array are available in Supplementary Figure S5 ; these confirm the presence of Bi 2 Se 3 lattice planes within nanometers of the drilled regions. SAED images of the sculpted areas, which corroborate the measurements performed on the HRTEM images, are provided in Supplementary Figure  S6 . Fig. 4 (a) presents an image of flake thinned by rastering the scanning probe over an area, with an image of the flake before thinning inset. Thinning was performed in two locations on the flake: a large area in the lower-right corner (green box) was subject to moderate thinning, and a smaller area nearby (yellow box) was subject to more severe thinning that in one area completely ablated the Bi 2 Se 3 . Spot drilling was also performed along the line circled in blue. Fig. 4(b) shows the thinned regions at higher magnification, with the red-boxed area selected for HRTEM analysis. Shown in Fig.  4(c) is the FFT of that region, with the direct image inset. The average lattice plane spacing is 0.248 nm. Fig. 4(d) shows a highermagnification image of the spot-drilled line in the lower left corner of the flake. Lastly, Fig.  4 (e) shows an AFM image of the flake, which indicates both a decrease in height of about 20 nm and an increase in surface roughness (Rq) from 1.4 nm to 3.5 nm in and around the thinned regions.
† On the other hand, the area around the line subject to spot drilling shows no roughness increase or surface damage in the surrounding areas, consistent with highly localized damage. The AFM of the green-boxed region in Fig. 4 (c) also implies that less severe thinning may be used to introduce surface disorder, which could have implications for controlling transport via trapping and slowing surface conduction. its FFT (Fig. 5(b) ) displays the hexagonal symmetry of Bi 2 Se 3 . The teal, green, and tan boxes indicate 50 pixel-wide regions oriented along the {110} lattice vectors averaged for the profiles shown in Fig. 5(c) , with like colors corresponding. The profiles run normal to the direction of the lattice planes. The black boxes in each profile measure the distance across ten lattice fringes-averaging these yields a lattice spacing of 0.232 nm. These images demonstrate that even though roughness increases in thinned regions, and even though these areas have experienced heavy electron beam exposure, the material itself retains its crystal structure. A larger AFM image is available as Supplementary Figure S7 , and diffraction data in Supplementary Figure S8 (a) and S8(b) supported these observations.
It is important for the sample to face downwards relative to the beam direction during sculpting-if the sample instead faces the source, ablated material redeposits on the substrate and forms crystalline structures that are not Bi 2 Se 3 and are highly resistant to further electron irradiation. These structures form during both spot drilling and large-area thinning and appear at random. Similar recrystallization has been observed during TEM sculpting of gold and platinum electrodes, 15 though we did not observe elongation of the structures along the beam. Fig. 6(a) shows the results of thinning with beam current 4.8 · 10 9 A/m 2 and the sample in a face-up configuration. While the exact nature of the redeposited structures was not determinable in this study, average lattice plane spacings of 0.30 nm and 0.32 nm measured in these regions could correspond to recrystallized bismuth or monoclinic bismuth oxide.
14 Given that the structures form under vacuum, we find that recrystallized bismuth is the more likely candidate. 
Conclusions
We have demonstrated the ability to sculpt Bi 2 Se 3 flakes sitting on silicon nitride membranes with irradiation from a transmission electron microscope. Furthermore, we determined that this method allows for sub 10-nm features and results in clean edges along the drilled regions. Thinning the sample and introducing surface disorder across larger areas is possible by rastering the electron beam over an imaging window. The promise of this method for thermoelectric and topological devices calls for further study into the transport properties of such structures, particularly with respect to preservation and accessibility of electronic surface states.
Methods
We exfoliated nanostructures from bulk Bi 2 Se 3 (99.999% pure, Alfa Aesar) onto polymethyl methacrylate (PMMA). Using a micromanipulator and microscope method, we positioned and transferred selected flakes from the PMMA to a 100 nm-thick SiN x membrane. 16 An acetone bath dissolved the PMMA, which completed the transfer of Bi 2 Se 3 flakes to the membrane.
We sculpted and analyzed the using a JEOL 2010F TEM operating at 200 kV. The sample can be inserted into the TEM in two configurations: either the sample can face down, below the SiN x substrate and facing away from the beam source (Fig. 7(a) ), or face up, on top of the substrate and facing towards the beam source ( Fig. 7(b) ). We found the face-down configuration superior for both high-resolution imaging and sculpting for these samples. During sculpting, we operated the TEM in scanning mode. In this mode, the electron probe is focused to a diameter of 2 nm or less, and the scan coils allow the probe to be positioned on the sample with nm precision.
For sculpting using the "spot drilling" method, we set the beam current to 0.4 · 10 9 A/m 2 , placed the beam in spot mode, and positioned the beam on the desired area of the sample. The probe impinged on this area of the sample for three to six minutes before we collected another scanned image to monitor progress and readjust the probe.
We thinned larger areas of the bismuth selenide using the following procedure, adapted from Rodríguez-Manzo et al. 17 First, we increased the beam current from 0.4 · 10 9 A/m 2 to 4.8 · 10 9 A/m 2 . While this modification negatively affects resolution, it is advisable for thinning to minimize process time. We then centered the write window on a chosen area, set the size and magnification (typically 84 nm · 84 nm) to define the thinning region, and increased the pixel time to 10 µs. We then imaged the sample continuously for intervals of fifteen minutes and continued the process until the thinning was sufficient for analysis.
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